A new concept termed radioautographology is advocated. This term was synthesized from radioautography and ology, expressing a new science derived from radioautography. The concept of radioautographology (RAGology) is that of a science whose objective is to localize radioactive substances in the biological structure of objects and to analyze and study the significance of these substances in the biological structure. On the other hand, the old term radioautography (RAG) is the technique used to demonstrate the pattern of localization of various radiolabeled compounds in specimens. The specimens used in biology and medicine are cells and tissues. They are fixed, sectioned and placed in contact with the radioautographic emulsions, which are exposed and developed to produce metallic silver grains. Such specimens are designated as radioautographs and the patterns of pictures made of silver grains are named radioautograms. The technicians who produce radioautographs are named radioautographers, while those who study RAGology are scientists and should be called radioautographologists. The science of RAGology can be divided into two parts, general RAGology and special RAGology, as most natural sciences usually can. General RAGology is the technology of RAG which consists of three fields of science, i.e., physics concerning radioactivity, histochemistry for the treatment of cells and tissues, and photochemistry dealing with the photographic emulsions. Special RAGology, on the other hand, consists of applications of general RAGology. The applications can be classified into several scientific fields, i.e., cellular and molecular biology, anatomy, histology, embryology, pathology and pharmacology. Studies carried out in our laboratory are summarized and reviewed. All the results obtained from such applications should be systematized as a new field of science in the future.
Introduction
The term radioautography (RAG) means the technique used to demonstrate the pattern of localization of various compounds labeled with radioactive isotopes in specimens (1) . The specimens used in biology and medicine are usually cells and tissues which contain radioactive substances. They are fixed, sectioned and placed in contact with the radioautographic emulsions, which are exposed and developed to produce metallic silver grains. Such specimens are designated as radioautographs and the patterns of pictures made of silver grains are named radioautograms. Other terms such as autora-T. Nagata diography, autoradiographs and autoradiograms are sometimes used alternatively (2) .
Historically, the principle of radioautography was first reported by Becquerel (1896) one year after the famous discovery of Xrays by Roentgen (1895) who produced the first radiogram. This was a negative picture (white images on a black background) produced on photographic plates after the penetration of X-rays through the tissues. Becquerel found that photographic plates were activated by radiations from uranium which produced positive images (black images on a white background) after development of the plates. He first gave a talk at the annual meeting of the Paris Academy in 1896. This picture was regarded as the first radioautogram produced by radiation from the minerals. Later, London (3) reported that he could produce the picture of a frog which incorporated radium and which was placed on a photographic plate. This report appears to be the first radioautograph obtained from animal tissues. However, London (3) did not use any term for this picture. The first radioautograph from the human body was obtained by Kotzareff (4) who, when treating a patient suffering from metastatic cancer of the iliac bone with radium, placed a photographic plate on the bone and obtained a picture of the bone after photographic development. He named the picture radiumgraphie or curiegraphie after Curie. This nomenclature, however, was not used by other scientists. Lacassagne and Lattés (5) reported that the radiation emitted by radium or polonium given to rabbits could be detected on photographic plates applied to the sectioned smooth surface of paraffin blocks of embedded rabbit organs. These pictures surprised the scientist by demonstrating the distribution of radioactive substances in the organs but they did not provide good resolution. It was Lacassagne who first named these pictures autohisto-radiographie. This term was later abbreviated to autoradiography. One of his students, Leblond (6, 7) , moved to North America (USA and Canada) and developed a new technique to paint the tissue sections which contained radioactive compounds with warmed liquid photographic emulsion using a camels hair brush, thus obtaining a better resolution. Pelc (8) used the stripping film method, while Joftes and Warren (9) developed the dipping method and used the term autoradiography originating from the word autohisto-radioautography used by Lacassagne. Leblond first used the term radioactive autography according to Lacassagne in the 1940s, but he later proposed to use the term radioautography by condensing the words radioactive autography into radioautography which has been used since the 1950s (10) . The above historical facts tell us how the two kinds of terms were developed.
As was described above from the historical viewpoint, the two terms, radioautography and autoradiography, are originally due to the two words radioactive autography or autohisto-radiography. The two terms are now generally regarded as synonyms. However, the author prefers the term radioautography because of etymological reasons (2) . In order to select terminology in scientific description, the preference for a term should depend on the etymological meaning of this term. The etymological difference between the two terms, radioautography and autoradiography, is as follows.
Radioautography is the autograph produced by radiation. It is a technique used to demonstrate the patterns of localization of radioactive substances in various specimens. The specimen which consists of tissues and cells in contact with the photographic emulsion containing developed silver grains is called radioautograph, while the pattern of silver grains on the radioautograph is called radioautogram and the procedure used to produce radioautographs is designated as radioautography. A radioautograph is an autograph produced by radiation. An autograph is a positive picture. There-fore, etymologically the term radioautogram means the positive picture produced by radiation which is emitted from the object itself resulting in the autogram. In contrast, in the word autoradiogram the suffix auto means automatic, while the term radiogram means the picture of the object which is penetrated by rays resulting in negative images such as chest X-ray films. Thus, autoradiogram etymologically means a negative picture of the specimen produced automatically with radiation emitted from another radiation source away from the specimens. Anyhow, it is now accepted that the terms radioautography and autoradiography are synonyms (2) .
On the other hand, the term radioautography or autoradiography means only the technique used to demonstrate the patterns of silver grains in specimens. Radioautography is only the technique used to produce the specimens (radioautographs) in order to demonstrate the pictures (radioautograms). In contrast, the present author now proposes a new concept, named radioautographology. This new term was coined from radioautography and ology, expressing a new science derived from radioautography. The concept of radioautographology (RAGology) is that of a science whose objective is the localization of radioactive substances in the structure of the objects and to analyze and study the significance of these substances in the structure (11) .
RAGology can be divided into two parts, general RAGology and special RAGology, as most natural sciences usually can. General RAGology is the technology of RAG which consists of three fields of sciences, i.e., physics concerning radioactivity, histochemistry for the treatment of cells and tissues, and photochemistry dealing with the photographic emulsions.
Since experimentally produced radioautograms include a variety of specimens, i.e., human biopsy material, experimental animal tissues and cells or even whole bodies of small animals, the size of the specimens varies according to the samples. Larger specimens such as whole bodies or large organs are designated as macro-radioautograms which are observed with the unaided eye. In contrast, small samples such as small pieces of tissues or cells are observed under the light or electron microscope and are called microscopic radioautography. Macroscopic radioautography can be classified into two levels, whole body radioautography and organ radioautography, while the microscopic radioautography can be classified into light microscopic radioautography (LMRAG) and electron microscopic radioautography (EMRAG). These two types of radioautography are divided into two categories, soluble compound radioautography and insoluble compound radioautography, on the basis of the solubility of the radioactive compounds (4) . The classifications of these two combinations are listed in Table 1 . Thus, all radioautographs can be classified into 8 categories. These technologies should be designated as general RAGology.
Special RAGology, on the other hand, consists of applications of general RAGology to biology and medicine (12) . From the viewpoint of radioactive compounds, it can be classified into insoluble and soluble RAG. The former concerns macromolecules such as DNA, RNA, proteins, sugars or lipids, while the latter concerns small molecules such as hormones, neurotransmitters, vitamins, inorganic substances, drugs and toxins. The applications of RAG to biology and medicine can also be classified into several Insoluble RAG  insoluble  insoluble  insoluble  insoluble  whole body RAG  organ RAG  LMRAG  EMRAG   Soluble RAG  soluble  soluble  soluble  soluble  whole body RAG  organ RAG  LMRAG  EMRAG scientific fields, i.e., cellular and molecular biology, anatomy, histology, embryology, pathology and pharmacology. All the results obtained from such applications should be systematized as a new field of science designated as special RAGology. The present paper is a review of general RAGology including the techniques of light and electron microscopic radioautography which were developed in our laboratory as well as special RAGology including the results applied to histology, histopathology and pharmacology of organ systems in animals and humans in our laboratory over the past 40 years.
General radioautographology
The science named radioautographology deals with the technology of radioautography and the applications of these techniques to various objects. It demonstrates the sites of incorporation, syntheses and discharge of various substances in living organisms by macroscopic and microscopic radioautography to localize intracellular sites of metabolism at the cellular and organelle levels in various objects. This technology should be designated as general radioautographology and includes all the natural sciences involved in the preparation of the specimens which contain radioactive compounds, the procedures for tissue preparations and the methods used to place tissues in contact with the photographic emulsions, followed by exposure for a certain period of time to produce the latent images of the radioactive substances in the specimens. The emulsion is then developed to produce the silver metal grains, thus permitting a comparison of the specimens and radioautograms in order to determine the localization of radioactive substances in the specimens. In order to carry out these procedures, three fields of knowledge, i.e., physics concerning radioactivity, histology and histochemistry dealing with the fixation, embedding, sectioning and staining of tissues and cells, and photographic chemistry treating photographic emulsions are necessary.
Physics of radioactive substances

Radioactive isotopes
The radioactive compounds used in radioautography are mainly composed of inorganic or organic compounds which are artificially labeled with radioisotopes (RI) and can be incorporated into human or animal bodies. The radioactivity emitted from the radioactive isotopes is divided into three kinds of rays, i.e., alpha, beta and gamma rays. The alpha ray is the helium nucleus in nature and has low energy, weak penetrability, strongest ionization and the shortest range (several µm). The beta ray is the electron and has medium energy, medium penetrability, medium ionization and a shorter range (µm-mm), while the gamma ray is the electromagnetic wave and has high energy, strong penetrability, low ionization and the longest range (m). Among these 3 rays, the beta ray is the best for radioautography because of its shorter range and strong ionization. The various kinds of RI used for radioautography are listed in Table 1 . Among them, 3 H, 14 C, 35 S and 125 I are very often utilized for both macro-and microradioautography because they can be used to label various inorganic compounds habitually used in biological and medical research. Since the radioactivity of the respective RI decreases time-dependently but never reaches zero, the life of an RI is defined as half-life which is the time required for the RI to lose 50% of its initial radioactivity. The half lives of 3 H or 14 C are longer (years) than those of 35 S or 125 I (days) as listed in Table 2 , so that the experiments using shorter half-life compounds should be completed within a shorter period.
RI-labeled compounds
In histology, histopathology and pharmacology the RI-labeled compounds used for radioautography can be classified into 2 categories, i.e., the precursors which are incorporated into macromolecules such as nucleic acids (DNA and RNA), proteins, glucides and lipids, and the other target tracers which are small molecular compounds such as hormones, neurotransmitters, vitamins, inorganic substances, drugs and others (Table  3 ). All RI should be treated only in the RI laboratories according to the regulations concerning radiation damage enforced in each country.
Administration of radioactive compounds
In order to study the localization of radioactive compounds in animal bodies, compounds labeled with a specific RI are usually administered orally to small animals such as rats and mice or by injection given subcutaneously, intramuscularly, intravenously or intraperitoneally. For the purpose of demonstrating macromolecular synthesis, animals were injected intraperitoneally with radioactive precursors for macromolecular synthesis at concentrations ranging from 1 to 50 µCi (37-1850 kBq)/gram body weight for macro-and for LMRAG or 10-100 µCi (370-3700 kBq)/g body weight depending on the characteristics of the compounds and RI used. The RI-labeled precursors used in our experiments were [ Sometimes in vitro labeling can be carried out in cultured cells, both established cell lines or primary culture and tissue blocks obtained from human biopsy or necropsy material, in media containing radioactive compounds at concentrations of 1-100 µCi (37-3700 kBq)/ml medium, using a CO 2 incubator at 37 o C with 5% CO 2 in air under normal or pathological conditions, for time intervals ranging from several minutes up to several hours. Small animals such as mice and rats are anesthetized by intraperitoneal injections with pentobarbital sodium (Nembutal, Abbott Laboratories, Chicago, IL, USA), after the administration of radioactive compounds by either oral administration or injection, and are sacrificed at a given time, usually 1 h after RI administration, either by decapitation or by perfusion via the left ventricles of the heart with 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2, depending on whether insoluble or soluble radioautography will be carried out. For conventional insoluble radioautography perfusion fixation can be used and the tissues from various organs are dissected out, cut into small pieces (1 x 1 x 1 mm), soaked in the same glutaraldehyde fixative at 4 o C for 1 h and postfixed in 1% osmium tetroxide in the same buffer for 1 h, dehydrated with graded ethanol and embedded in epoxy resin (Epon 812 or Epok 812, Oken Co., Tokyo, Japan). In contrast, in vitro labeling of cultured cells and tissue blocks obtained from either animal or human biopsy material are incubated in media containing radioactive compounds, using a CO 2 incubator under normal conditions at 37 o C for a given time, usually 1 h or up to a few hours. They are then rinsed in Hanks solution, fixed in the same buffered glutaraldehyde and osmium tetroxide solutions, dehydrated and embedded in epoxy resin as described above.
For soluble radioautography, however, perfusion fixation cannot be used. The whole bodies of the small animals or organs and tissues obtained after decapitation without using any perfusion methods should be immediately cryo-fixed by the metal contact method or by the method of immersion in liquid nitrogen and processed by cryo-sectioning or freeze-drying or freeze-substitution (13) . Macroscopic RAG of whole bodies of small animals usually employs cryofixation by immersion in a dry ice and acetone mixture and cryo-sectioning with a large cryostat microtome (14) .
Tissues embedded in epoxy resin can be used for either LMRAG or EMRAG. For LMRAG, 2-µm thick sections are cut with an ultramicrotome, picked up onto clean glass slides and warmed for extension and drying. For electron microscopy, ultrathin sections of 100-nm thickness are cut and usually examined under a conventional transmission electron microscope with the accelerating voltage at 100 kV. It is generally accepted that the thinner the section the better the resolution, but the less the radioactivity it contains and the longer the exposure time for radioautography. If an intermediate high voltage electron microscope is available with accelerating voltages of 200, 300 or 400 kV, thicker sections of 200 or 300 nm can be used. We prefer to use semithin 200-nm thick sections at 400 kV in order to shorten the exposure time (15) . Semithin sections are cut with a Porter-Blum MT-2B ultramicrotome (Dupont-Sorvall, Newtown, CN, USA). Ultramicrotomes of the mechanical feeding type are preferable to the thermal feeding type because of the accuracy of the section thickness, which affects the number of silver grains by radioautography. Ultrathin or semithin sections are picked up onto either platinum or gold grid meshes in order to prevent the copper meshes from rusting through the histologic and radioautographic treatment especially during development. Alternatively, collodion-coated copper grid meshes can be used. For collodion coating, copper grid meshes (100-200 meshes) are soaked in 2% collodion solution for a few minutes, spread on filter paper in a Petri dish and dried at 37 o C for a few hours in an incubator.
Radioautographology, a new concept
Fixation of tissues and cells
We have developed simple routine techniques to demonstrate insoluble compounds in various cells and tissues of experimental animals and to quantify the contents of newly synthesized macromolecules in each cell and cell organelle by both light and electron microscopy. The localization of silver grains developed by means of ordinary radioautography, however, demonstrates only the insoluble radioactive substances bound to the macromolecules fixed in the cell with the chemical fixatives used (1) . In contrast, radioisotopes bound to the small molecules which are not fixed with ordinary chemical fixatives are washed away by conventional routine procedures such as fixation, dehydration, embedding, sectioning, and radioautographic procedures, so that these compounds cannot be demonstrated. Ordinary radioautographic procedures can be designated as wet-mounting radioautography, since the tissues are processed by both conventional wet treatments and by applying wet radioautographic emulsions to the specimens. In order to demonstrate any soluble radioactive compound, special techniques are required in accordance with the characteristics of the radioisotopes used for radioautography (Table 4) . The techniques for microscopic radioautography developed in our laboratory can be divided into 2 categories, i.e., wet-mounting radioautography for insoluble compounds resulting from macromolecular synthesis and dry-mounting radioautography for soluble compounds such as small molecular compounds, and each can be subdivided into two methods, i.e., light microscopy and electron microscopy ( Table 4 ).
Chemical fixation for wet-mounting radioautography
Small animals such as mice and rats are anesthetized and sacrificed either by decapitation or by perfusion via the left ventricle of the heart with 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2. The tissues from various organs are removed, cut into small pieces, soaked in the same glutaraldehyde fixative at 4 o C for 1 h and postfixed in 1% osmium tetroxide in the same buffer for 1 h, dehydrated with graded ethanol and embedded in epoxy resin. On the other hand, cultured cells and tissue blocks, incubated in media containing radioactive compounds in Table 4 -Principle techniques for microscopic radioautography demonstrating soluble and insoluble compounds. a, Radioautography for conventional insoluble compounds. b, Precipitation procedure of radioautography for soluble compounds. c, Freezing procedure of radioautography for soluble compounds.
T. Nagata vitro, using a CO 2 incubator under normal conditions at 37 o C for given times, are rinsed in Hanks solution, fixed in the same buffered glutaraldehyde and osmium tetroxide solutions, dehydrated and embedded in epoxy resin as described above. The tissue blocks are cut with an ultratome for either LM (2 µm thick) or EM (0.1-2 µm) and picked up onto either glass slides or grid meshes using water. In some cases, the whole mount cells on glass coverslips or coated meshes are fixed, dried and used for wetmounting radioautography to observe the whole cells without sectioning (15) . In order to observe isolated cells obtained from the tissues in vivo, small tissue blocks are oscillated in Ranviers alcohol and isolated, smeared on glass slides, fixed in Carnoys fluid, and wet-mounted for LMRAG (16).
Chemical fixation for soluble compounds
The techniques of radioautography of soluble compounds can be theoretically classified into two categories according to the fixation used, as shown in Table 4 (17, 18) . In the precipitation method, the labeled soluble compound is fixed in a mixture containing a substance which reacts with the soluble radioactive compounds forming a precipitate, so that the fixed tissues can be processed by routine histological procedures followed by a routine wet-mounting radioautography to demonstrate the labeled precipitation. This principle was first used to detect soluble 45 Ca by Nagata and Shimamura (19) (20) (21) By the freezing method, on the other hand, the labeled tissues are quickly frozen in a liquid such as isopentane or propane cooled to its melting point with liquid nitrogen. The tissues can then be cut by cryomicrotomy. At the light microscopy level, the frozen tissues can be cut with a cryostat and the frozen sections are placed in contact with radioautographic emulsions by various methods. At the light microscopy level, the frozen tissues can be cut with a cryostat at a thickness around 20-30 µm and the frozen sections are placed in contact with radioautographic emulsions by various techniques. Many papers have been published on this problem. We first used a large-wire loop to produce dry films which were air-dried and applied to cryostat sections placed on glass slides (23) . This procedure is very convenient and will be described in detail. At the electron microscopy level, however, only a few papers have been published on the principle of cryo-ultramicrotomy. Appleton (24) and Christensen (25) discussed the possibilities of this method but they did not demonstrate the results, while we (17) reported the results for the first time. In contrast, Mizuhira et al. (26) , and Futaesaku and Mizuhira (27) reported a new technique for ultramicrotomy utilizing interposed films, which, however, is not an ideal procedure because it employs cryosectioning after the tissues are immersed in sucrose solution. The cryosections are then picked up with sucrose droplets and placed in contact with wet radioautographic emulsion.
On the other hand, freeze-dried or freeze- To demonstrate soluble low molecular weight compounds, cryo-fixation and drymounting radioautography should be routinely employed for both LMRAG and EMRAG.
Preparation of tissue blocks
After the tissues are removed without using any solution from the experimental animals previously injected with radioactive compounds, they are trimmed to a size as small as 1 x 0.5 x 0.5 mm with two pieces of razor blades on a plate cooled to 0 o C with ice and water. The tissue blocks are attached to small pieces of aluminum foil, 5 x 5 mm in size (13) , or directly to the surface of a metal block. Cultured cells are centrifuged at 500 rpm for 10 min after incubation with media containing radioactive compounds, and the pellet is placed on a piece of aluminum foil or on metal blocks.
Freezing procedure
For quick fixing by cryo-fixation, we soak the tissues in a quenching fluid which is cooled with a cooling agent. The quenching fluids we usually employ are propane (melting point, -169 o C), isopentane (-161 o C), or hexane (-94 o C). These reagents are liquids at low temperatures and conduct heat very well.
They also bubble when they contact tissues. Among them, propane is explosive, while hexane has a rather higher melting point. Therefore, isopentane is very often used (13) . Instead of quenching fluids, a pure copper block is sometimes used in direct contact with the tissues.
The following substances or mixtures of two substances are generally used as cooling agents: liquid helium (boiling point, -269 o C), liquid nitrogen (-196 o C), liquid air (-190 o C), dry ice and ether (-60 o C), and dry ice and nonane (-53 o C). Among these, liquid nitrogen is most frequently used. We usually employ the combination of isopentane or propane as the quenching fluid and liquid nitrogen as the cooling agent, or a copper block as metal contact and liquid nitrogen as the cooling agent. Cryo-instruments such as RF-2 (Eiko, Tokyo, Japan), JFD-RFA (JEOL, Tokyo, Japan), cryoblock or cryovacublock (Reichert-Jung, Jena, Germany) have recently become commercially available. Liquid nitrogen (200-300 ml) is carefully poured into a Dewer flask. A 50-ml beaker is placed in liquid nitrogen, and 20-30 ml of isopentane or propane is poured into the beaker. We prefer isopentane to propane. Within a few minutes the liquid isopentane begins to solidify at its melting point of -161 o C as it is cooled by the liquid nitrogen at -196 o C. The tissue blocks or free cells adhering to a small piece of aluminum foil are plunged quickly in the isopentane with a pair of forceps. The frozen tissues are then removed from the isopentane using a small cup made with a piece of aluminum foil 3 cm x 3 cm in size, molded with a No. 00 gelatin capsule in order to prevent ice crystal formation, transferred to liquid nitrogen in a Dewer flask, and stored in liquid nitrogen until processing. In this process, if the tissues are exposed to air, ice crystals will grow larger, and the fine structure will be damaged. The frozen tissues are then processed by freeze-drying or freeze-substitution procedures. When the metal contact method is employed, using T. Nagata cryo-instruments, frozen tissues are removed from the copper blocks and also stored in liquid nitrogen.
Cryo-sectioning
The frozen tissues can be cut directly by cryo-sectioning without any embedding. The procedures for cryo-sectioning can be divided into light microscopy and electron microscopy. (38) have used this technique at the light microscope level. All of these techniques require handling of the sections, glass slides and emulsions in the dark room. When cryostat sections picked up onto precoated slides are air-dried at room temperature, the sections melt and cause diffusion of soluble compounds. This procedure is called thaw-mount radioautography and is applicable when the diffusion is negligible.
In contrast, we use the cryostat in a conventional bright room and then coat the cryosections with the emulsion in a darkroom using the large wire loop method (23) . We use a conventional rotary type cryostat. The frozen tissues are transferred to a cryostat kept at around -30 o C and dry sections of 20-30 µm are cut. They are transferred to glass slides and either air-dried at room temperature or freeze-dried at -30 o C for a few hours. The procedure for coating the slides with dry emulsion film by the large wire loop method will be described later.
Electron microscopic cryo-sectioning
The technique of ultrathin cryo-sectioning, or simply cryo-ultramicrotomy, was first reported by Bernhard and Leduc (39) and was later improved by Tokuyasu (40) employing preincubation in sucrose solution and picking up sections with sucrose droplets. For radioautography, however, his technique is not applicable because of the diffusion of radiolabeled compounds. We use an LKB ultratome 4800 equipped with an LKB cryokit 14800 or an LKB-NOVA (LKB, Bromma, Sweden). Other types of ultramicrotomes such as DuPont-Sorvall or ReichertJung with cryokits can also be used. The temperature of the specimens is usually set at -100 o C to -120 o C and that of the glass knives at -80 o C to -100 o C. The optimal temperature depends on the kind of tissue used. Dry sections are picked up with dry eyelash probes onto grids, covered with another grid as a sandwich and pressed with copper rods according to Christensen (25) or Sakai et al. (41) . The authors use a modified apparatus of the Sakai type. Grids used for this purpose are coated with collodion applied by soaking in 1% collodion solution and dried at 37 o C for 1 h. As controls, wet sections are picked up with sucrose droplets (42) . Grids carrying dry sections are dried by freeze-drying at -50 o C for 24 h, as done in the freeze-drying procedure of tissue blocks described above. Among the drying procedures tested, i.e., freeze-drying, freeze-substitution, and airdrying, the freeze-drying procedure was the best from the viewpoint of preservation of both cell structure and radioisotopes (13) . In order to freeze-dry cryosections, we use a rotary cryotransfer apparatus. The rotary disc, which has spaces for 5 grids with cryosections, is changed every 5 grid and transferred to a carrier, which consists of a tube and a cylinder containing up to 5 discs on its shelves, for a total of 25 grids (13). The carrier is transferred to the desiccator of the freeze-drying apparatus, which is operated for 3 h at -80 o C. After drying the cryosections are coated with carbon and processed by the dry-mounting radioautographic procedure. Cryotransfer apparatuses have recently become commercially available as attachments of cryo-kit-equipped ultramicrotomes such as LKB, Sorvall or Reichert instruments.
Freeze-drying procedure
The freeze-drying technique was first used by Altmann (43) , and was then applied to light and electron microscopy by Gersh (44, 45) . The freeze-drying apparatus we use was designed and constructed in our laboratory (13, 16) . It consists of a cold trap, a desiccator, which is set in the cold trap, three Geisler discharge and ionization vacuum gauges, and two rotary and oil diffusion vacuum pumps. The cold trap consists of a stainless steel cylinder containing liquid nitrogen. The desiccator, which is set in the cold trap, has 96 sets of thermoelements which can be controlled with electric current at temperatures between -80 and +60 o C. The whole apparatus is capable of maintaining a pressure of less than 10 -6 Torr. A similar apparatus is now commercially available from several manufacturers. The frozen tissues are transferred to the freeze-drying apparatus in a small aluminum cup. The freezedrying should be carried out at first with the operation of the rotary pump for about an hour until the pressure reaches 10 -3 Torr. The two pumps (RP and DP) are then operated for about 24 h to complete drying, while the desiccator is kept at -80 o C. After the completion of freeze-drying, the temperature is slowly increased over several hours by adjusting the electric current of thermoelement, so that the whole drying procedure takes about 30 h for tissue blocks. When cryo-sections on grids are used, however, freeze-drying for only 12 h is sufficient. Before completion of the procedure, the epoxy embedding mixture is placed in the dripping unit which should be evacuated for 10 min by means of another rotary pump at a pressure of 10 -3 Torr. After completion of drying, the embedding medium, epoxy resin mixture, is dripped down into the specimen chamber, the tissues are infiltrated and the two pumps are stopped. When the drying procedure is completed, the tissues adhering to the aluminum foil will sink in the embedding medium. Fixation is not required before embedding, although Pearse (46) maintains that the unfixed freeze-dried tissues are easily damaged. When fixation is preferable before embedding in order to enhance contrast, freeze-dried tissues can be exposed to osmium vapor for 30 min in a tight jar containing a small piece of osmium tetroxide crystal. Freeze-dried tissues are taken out and infiltrated with fresh embedding medium overnight at room temperature, and polymerized at 35 o C, 45 o C and 60 o C for 12 h each by the method of Luft (47) . When cultured cells or cryo-sections on grids are freeze-dried, no embedding is necessary. The cultured cells freeze-dried on grids are processed directly by radioautography and can be observed by high voltage electron microscopy (15,48,49).
Freeze-substitution
The technique of freeze-substitution or freeze-thawing was first applied to light microscopy by Simpson (50) and was later developed by Lison (51) . At the electron microscopy level, several papers describing the morphology of freeze-substituted cells have been published (52, 53) . The principle of freeze-substitution is to dehydrate the frozen tissues in a solvent at very low temperature without thawing the tissues, and to substitute the ice with the solvent. The usual solvents are acetone, ethanol or ether. The coolants used are a dry ice-acetone mixture (-78 o C) or dry ice-ethanol (-78 o C). We applied this principle to radioautography for the first time (54) . The routine procedure is as follows.
1) Dry ice and acetone are mixed in a Dewer flask. 2) A small test tube or sample tube containing 20-30 ml of absolute acetone is placed in the Dewer flask and cooled to -78 o C. 3) Tissues are frozen according to the procedure described above in liquid nitrogen, and transferred with aluminum foil cups to the test tube containing absolute acetone. 4) The transferred tissues are kept in the substituting fluid for 72 h to exchange the ice with the solvent. The present authors use a deep freezer (Tabai, Tokyo, Japan) in which the Dewer flask is stored and the temperature is kept at -80 o C. 5) After the substitution of ice with solvent is completed, the temperature is gradually raised to 20 o C over several hours. The tissues are transferred to an Epon/acetone mixture, then processed through Epon mixtures and polymerized. In general, it is useful to use cryoprotective agents such as glycerin, DMSO, or sucrose in order to reduce ice crystal formation artifacts. However, for the purpose of demonstrating soluble radioactive compounds by means of radioautography, it is preferable not to employ such techniques. Recently, freeze-substitution instruments such as CS-auto (Reichert-Jung) which can be controlled automatically have become commercially available.
Dry sectioning of freeze-dried or freeze-substituted materials
After freeze-drying or freeze-substitution the embedded tissues should be cut dry without using any water. We usually cut dry sections from epoxy resin-embedded tissues for both light and electron microscopy without water. To section the Epon or Epok blocks of freeze-dried or freeze-substituted tissues, it is necessary to cut sections without using water in the knife trough in order to prevent diffusion artifact of labeled soluble compounds. Complete dry sectioning without any liquid is very difficult in terms of expanding dry sections. It is also difficult to pick them up onto glass slides or grid meshes. Among many knife trough liquids which we tested, ethylene glycol was the best for flotation and expansion of the dry sections (17) . It wets the glass knife to the very edge but does not wet the plastic sections. It does not dissolve soluble labeled compounds. Sections are not so easily expanded on ethylene glycol as on water, but can be expanded when they are warmed with a tungsten lamp for a few minutes. They are picked up onto collodion-coated glass slides or 150 mesh grids. We use glass slides or grids which are previously coated with collodion by dipping them in 1% collodion solution and drying them at 37 o C for 1 h.
Observation of radioautograms by microscopy
After the specimens are coated with radioautographic emulsions according to the various procedures described in the following sections, the developed radioautograms are stained and observed by light or electron microscopy.
Light microscopy
Light microscopic radioautograms are observed by either conventional transmission light microscopy or dark field incident light microscopy. By the former method silver grains appear dark together with the stained sections, so that the localization of silver grains is clear but sometimes confus-Radioautographology, a new concept ing due to densely stained structures such as secretory granules. Epon thick sections are usually stained with toluidine blue, while paraffin sections can be stained with conventional hematoxylin and eosin or any other routine stain after the radioautographic emulsions are developed. If the sections were stained before the application of emulsion, the staining can sometimes cause chemical background fogs. On the other hand, by the latter method silver grains appear as bright specks over the dark sections like stars in the dark sky, so that we can recognize the silver grains but cannot observe the sections well. In this case, staining is not necessary. Either method has its advantages and disadvantages. It depends on the preference of each investigator.
Electron microscopy
Electron microscopy can usually be carried out using conventional transmission electron microscopes with standard voltage around 100 kV. However, we prefer to use intermediate high voltage electron microscopes with accelerating voltages at 200, 300 or 400 kV when available in order to obtain better contrast between the silver grains and the cell structures as well as to shorten the exposure time using semithin sections which contain more RI than ultrathin sections. We use either a Hitachi H-700 electron microscope at 200 kV or a JEOL JEM-4000EX electron microscope at 300 or 400 kV (15).
Image analysis of radioautographs
To analyze these radioautograms quantitatively, we can use various kinds of image analyzers now commercially available (55, 56) . The number of labeled nuclei per total cell population labeled with [ 3 H]-thymidine is determined to calculate the labeling index, or the number of silver grains per cell body or per unit area labeled with other macromolecular precursors is determined to calculate the relative incorporation rates. On the other hand, direct quantification of silver grains on EMRAG is possible by using energy dispersive X-ray microanalyzers equipped with intermediate high voltage electron microscopes with either STEM or TEM modes (57).
Photochemistry and radioautographic emulsions 2.3.1. The radioautographic emulsions
The photographic emulsions for normal photography generally consist of both matrices of gelatin and photosensitive silver halide crystals which are embedded in gelatin. The nuclear emulsions used for radioautography are sensitive to radiation and consist of a gelatin matrix and silver bromide crystals. The silver bromide crystals are uniform in size ranging from 70 to 400 nm in diameter depending on their brands and are produced by several photo-industry manufacturers such as Konica (Japan), EastmanKodak (USA), and Ilford (UK). Several kinds of emulsions are commercially available. They are classified into four types, i.e., gel form or bulk liquid emulsions for light and electron microscopy, stripping films for LMRAG, coated plates or films for macro-RAG and LMRAG, and coated films for macro-RAG. We prefer to use bulk liquid emulsions produced by Konica Co. (Tokyo, Japan), Konica NR-M2 for LMRAG and Konica NR-H2 for EMRAG, because of their fine grains and high sensitivity. Other types of emulsions such as Kodak NTB-2, 3, 5, or Ilford K-2 and L-4 can be used alternatively.
The application of radioautographic emulsions to specimens
Various techniques for applying radioautographic emulsions to the specimens have been published, depending on the kinds of specimens and radioactive compounds to T. Nagata be examined. The procedures are described in detail according to the methodologies employed in the following sections. After the specimens are placed in contact with the emulsions, they are kept in a cold (4 o C) dark room, usually in a light-tight slide box stored in a refrigerator, for exposure for several weeks and finally developed. The development is a chemical reaction that reduces the silver bromide crystals in a developer and converts them to metallic silver grains. When the emulsion is soaked in a developer, the developer reduces the silver bromide crystals which contain specks of latent images, building up more and more metallic silver around the latent image. The size of silver grains depends on the constituents of the developer as well as the time and temperature of development. The standard developers such as Kodak D-19 or Konica SD-X1 consist of some reducing reagents such as methol and hydroquinone, which are abbreviated as MQ developers. When MQ developers are used for both LM and EMRAG, large spiral silver grains as long as a few µm are grown, which can be observed by light microscopy without problems but are too large for electron microscopy. On the contrary, when a fine grain developer such as gold latensification and phenidon developer at a low temperature and shorter time is used, small dot-like silver grains less than 1 µm in diameter are produced, which are preferable for electron microscopy (1,58).
Light microscopic wet-mounting radioautography
For conventional light microscopic wetmounting radioautography, the same tissue blocks used for electron microscopy, which were fixed in buffered glutaraldehyde and osmium tetroxide solutions and then embedded in epoxy resin, are cut with a PorterBlum MT-2B ultramicrotome at 2-µm thickness, picked up onto clean glass slides and warmed for extension and drying. Otherwise, conventional formalin fixed, paraffinembedded tissues can be used. In order to produce many radioautograms simultaneously and also to compare them quantitatively, the following procedures, developed in our laboratory (59, 60) , are carried out.
1) A bottle of bulk emulsion (we use Konica NR-M2 emulsion, Konica Ltd., Tokyo, Japan), is melted in a water bath at 45 o C for about 10 min, and an equal amount of distilled water is added to it and mixed for 5-10 min with a glass slide to remove all air bubbles. Then, a slide holder made of stainless steel, holding 15 glass slides which carry several thick sections, is dipped in the melted emulsion for several seconds, and then pulled up vertically for about 3 s to assure equal thickness coating (3-4 µm) over the sections ( Figure 1A) . The faster the speed, the thinner becomes the emulsion coating.
2) The bottom of the slide holder is wiped with a paper towel to remove excess emulsion and the slide holder is placed in an electric incubator at 28 o C with a humidity of about 80%, containing a wet sponge at the bottom, and dried for 1 h. When the slides are dry, they are stored in a light-tight slide box containing a desiccant (silica gel). The edge of the box is sealed with black tape and the box is kept in a refrigerator at 4 o C for exposure. 3) After an appropriate exposure time, all the slides are developed at once by pouring the developer Figure 1 -The standard procedure for preparing LMRAG by wetmounting radioautography. A, Bulk emulsion is melted and diluted with distilled water in a staining jar, in which a slide holder holding 15 slides is dipped and pulled up vertically. B, The slide holder is stored in a light-tight slide box for exposure, into which the developer is finally poured after exposure for developing all the slides at once. B A into the slide box ( Figure 1B) . We use Konica KD-X1 (formerly SD-X1) developer for Konica NR-M2 emulsion. Kodak D-19 may be used for any type of emulsion. After development, the slides are rinsed in a stop bath (2% aqueous acetic acid solution), fixed twice in a fixer (30% aqueous sodium thiosulfate solution) for 5 min, washed gently in running tap water for 10 min, and finally stained in 1% toluidine blue solution for light microscopy.
Electron microscopic wet-mounting radioautography
The same embedded tissues in epoxy resin can be used for both LMRAG and EMRAG. For EMRAG, ultrathin sections of 0.1 µm (100 nm) or semithin sections of 0.2 µm (200 nm) are cut with an ultramicrotome and picked up on collodion-coated grid meshes. The semithin sections should be observed by high voltage electron microscopy (49) .
As for the radioautographic emulsions, several types of emulsions are commercially available. We use Konica NR-H2 emulsion (Konica Ltd.) because of the small sized silver bromide crystals and better sensitivity. To obtain a thin monolayer of silver bromide crystals, two techniques, dipping and wire loop methods, are now in general use. The choice lies between mounting the sections on a flat microscopic glass slide or on a grid mesh during exposure. By the former method, glass slides are covered with thin collodion films on which sections are placed and are coated with radioautographic emulsion by dipping as done in the light microscopy procedure. After exposure and photographic processing, the sections and collodion films together with the emulsion are floated off the glass slide and picked up on a grid for examining by electron microscopy. This procedure is called the flat substrate method and is highly complicated and cumbersome. On the other hand, by the latter method, sections are placed on grid meshes coated with collodion films according to the normal sectioning method and are covered with a preformed monolayer emulsion by picking up thin bubbles of molten emulsion with a wire loop and allowing them to gel before touching the grids. This is called the wire loop method. We prefer this procedure, which was developed in our laboratory, using small or larger wire loops, and appears to be rather easier. Our procedure is described in detail as follows (1, 58, 61) . 1) A regular 1.25-cm square glass block is made from No. 4890-40 glass strips for the LKB knife maker (LKB-Produkter AB, Bromma, Sweden). A square piece of doublecoated Scotch tape, 4 mm in length, is stuck on the surface of each glass block. Six grids are placed around the tape like a rosette, arranged clockwise to identify each grid (Figure 2A) . The grids are vacuum coated with carbon of 10-nm thickness.
2) The radioautographic emulsion is diluted with an equal part of distilled water at 45 o C. We use Konica NR-H2 emulsion from Konica (formerly Sakura) Ltd., Tokyo, Japan, but any other emulsion such as Kodak can be used. Ten ml of diluted emulsion is added to 0.2 ml of a 2% aqueous solution of dioctyl sodium sulfosuccinate (a surfactant) in order to prevent the emulsion film from bursting (14) . A thin film of emulsion is obtained by dipping Figure 2 -The standard procedure for preparing EMRAG by wet-mounting radioautography. A, A large wire loop is dipped into melted emulsion and a thin film of emulsion is obtained, which is applied horizontally to a glass block on which 6 meshes, each carrying several sections, are placed. B, Ten glass blocks carrying 6 meshes each are attached to a glass slide with Scotch tape. Thus, several glass slides, each carrying 10 glass blocks, are stored in a slide box for exposure and finally all the meshes on glass blocks are developed, fixed and stained.
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T. Nagata a wire loop, 2.5 cm in diameter, made of platinum wire or vinyl-coated iron wire into the solution. 3) After air-drying horizontally for 1 min, when the emulsion film is gelled but still wet, the film is applied to the grids on the glass block horizontally (Figure 2A ). The glass block is warmed at 28 o C for 1 h to dry the emulsion. 4) For exposure, several glass blocks are attached to one side of a microscope slide with double-coated Scotch tape ( Figure 2B ). 5) Control emulsion films should be checked by electron microscopy before exposure. 6) Several glass slides carrying several glass blocks are placed in a black light-tight plastic slide box containing a desiccant (silica gel), and the top is sealed with black tape. The slide box is kept in a refrigerator at 4 o C for exposure. 7) After an appropriate exposure time, the glass slides carrying glass blocks with grid meshes are processed for development, then stopped in a stop bath, fixed in a fixer and stained with lead citrate solution for electron staining. Concerning the development of the emulsions, when a conventional MQ-developer such as D-19 is used, long spiral silver grains are formed. In order to obtain smaller silver grains, phenidon developer after gold latensification (G-L) is recommended (Figures 3-8) . We prefer the following procedure (1,62).
1) The glass slides carrying the grid meshes are first soaked in distilled water in a staining jar for 10 s, and then 2) soaked in G-L solution (0.2 ml 2% aqueous gold chloride solution, 0.05 g potassium thiocyanate, 0.06 g potassium bromide, 100 ml distilled water) for latensification at 16 o C for 30 s. 3) The slides are then rinsed in distilled water for 10 s, and 4) soaked in phenidon developer (1.5 g ascorbic acid, 0.25 g phenidon, 0.4 g potassium bromide, 1.3 g potassium carbonate, 20 g sodium sulfite anhydrous, 4.0 g potassium thiocyanate, 100 ml distilled water) in a water bath at 16 o C for 60 s for development. 5) They are then soaked in a stopper solution (2% aqueous acetic acid solution) for 10 s, 6) fixed in a fixer (30% aqueous sodium thiosulfate solution) for 5 min, with 2 changes, and 7) rinsed in distilled water for 5 min, with 3 changes. 8) The sections are stained in lead citrate solution (63) for 3 min, and 9) rinsed in distilled water for a few minutes. 10) Finally the grids are carefully removed from the glass blocks with a forceps, placed on filter paper in a Petri dish and dried in an incubator at 37 o C for 1 h. 11) The specimens are coated with a 10-nm thick carbon layer in a vacuum coater before electron microscopy.
Dry-mounting procedure
Both cryo-sectioned and freeze-dried specimens and freeze-dried or freeze-substituted and embedded specimens should be coated with dry radioautographic emulsions without using any water. The procedure is designated as dry-mounting radioautography. Two types of procedures are used for dry-mounting radioautography, i.e., light microscopic and electron microscopic procedures.
Light microscopic dry-mounting procedure
Historically, various procedures have been employed for light microscopic drymounting radioautography as described previously (24, (32) (33) (34) (35) (36) (37) . Since the first application of cryostat sections to precoated slides at very low temperature by Appleton (24), many authors have recommended this technique for light microscopy. However, these procedures are highly complicated in terms of treatment of both specimens and emulsions. We first used dry-films produced with a large wire loop which were air-dried and applied to cryostat sections placed on glass slides (23) . We believe that this method is the most convenient one. The procedure is as follows.
1) Cryostat sections are picked up onto glass slides and dried. Dry epoxy resin sections are expanded over the slides with a drop of ethylene glycol without using any water. 2) Radioautographic emulsion is diluted with an equal part of distilled water at 45 o C. We use Konica NR-M2 emulsion from Konica but any other emulsion such as Kodak can be used. Ten ml of diluted emulsion is added to 0.2 ml of a 2% aqueous solution of dioctyl sodium sulfosuccinate (a surfactant) in order to prevent the emulsion film from bursting (14) . 3) A thin film of emulsion is obtained by dipping a wire loop, 2.5 cm in diameter, made of platinum wire or vinylcoated iron wire and attached with Scotch tape to a glass slide as a handle. 4) The handle is set horizontally on a flat surface for air-drying. 5) After air-drying for 1-2 min, when the center of the emulsion film is gelled and dried and transparent but the peripheral zone is still wet and opaque, the film is applied to the slide horizontally. 6) The glass slide is kept in a Petri dish and warmed at 28 o C in an incubator for 1 h for drying the emulsion. 7) Several glass slides are placed in a black light-tight plastic slide box containing desiccant (silica gel), and the top is sealed with black tape. The slide box is kept in a refrigerator at 4 o C for exposure. 8) After an appropriate exposure time, the glass slides are processed for development, then stopped in a stop bath, fixed in a fixer and stained with toluidine blue solution. 9) Control tissues should be fixed with chemical fixative, dehydrated, embedded, wet-sectioned and wet-mounted by conventional dipping procedures.
Electron microscope dry-mounting procedure
For tissues fixed by precipitation fixation, ultrathin Epon sectioning and radioautography can be carried out according to the routine wet-mounting procedures for demonstrating soluble compounds. However, when the tissues are fixed by rapid freezing and freeze-dried or freeze-substituted, they are dry-sectioned and have to be radioautographed by the dry-mounting procedure (17, 18) . The grids carrying dry sections (either freeze-dried or freeze-substituted Eponembedded sections or freeze-sectioned and freeze-dried) are coated with a 5-10-nm thick carbon layer before emulsion application. They are then placed on a grid holder made of a glass slide (25 mm x 75 mm) and 3 glass rods (3 mm in diameter and 10 mm in length). The routine procedures for dry-mounting are as follows.
1) The radioautographic emulsion is diluted 1:10 with distilled water at 45 o C in a dark room. 2) Ten ml of the diluted emulsion is added to 0.2 ml of 2% aqueous solution of dioctyl sodium sulfosuccinate and maintained at 45 o C in a thermobath for several minutes to complete mixing. Dioctyl sodium sulfosuccinate, a surface activating agent, is used to prevent the emulsion films from bursting while they are being air dried (17, 23) . We use Konica NR-H2 emulsion. Other emulsions for electron microscopic radioautography such as Kodak NTB or Ilford L4 could also be used. The procedures are as follows.
3) A thin film of the emulsion thus prepared is obtained by dipping a platinum wire loop, about 1 cm in diameter, into the emulsion (17). 4) Instead of a small platinum wire loop, a large vinyl-coated iron wire loop, 2.5 cm in diameter, can also be used (1,61). 5) The handle of the wire loop is set on a flat surface for air drying (for 1-2 min). 6) The best condition for applying the film to the grid is in such a way that the peripheral zone of the film appears gelled but wet (opaque) while the central zone is gelled and almost dry, but still transparent. The films are almost 100% air-dried without breaking by using the dioctyl sodium sulfosuccinate. Without this agent, the films will burst most of the time (23). 7) The dried films are then applied to the grids on the holders like quoits and 8) the grids are transferred to Petri dishes and warmed at 37 o C for 1 h to help the films adhere to the grids. 9) The grids are kept in a light-tight container with a desiccant, sealed T. Nagata with black vinyl tape and kept in a refrigerator at 4 o C for exposure.
On the other hand, when several grids are attached to a square glass block, 12.5 mm in length, a large wire loop, 2.5 cm in diameter, can be used as done in the wet-mounting procedure, and several blocks are placed on a slide. They are exposed, developed, fixed and stained simultaneously.
As a control, radioautography should be carried out by conventional procedures for insoluble compounds. The tissues are fixed in 2.5% glutaraldehyde and 1% osmium tetroxide in 0.1 M cacodylate buffer, dehydrated in a graded ethanol series, embedded in Epon, sectioned with water in the knife trough, and wet-mounted with radioautographic emulsion. After an appropriate exposure time, the meshes are transferred to the developer. The author uses gold-latensification and phenidon developer (62) . Other types of developer such as Kodak D-19 can also be used. Following processing with the stopper, fixer and several rinses in distilled water, the grids are stained in a lead citrate solution for 3 min for the purpose of both staining and removing the gelatin of the emulsion. We use a lead citrate solution consisting of 10 ml distilled water and 30 mg lead citrate, adjusted to pH 12 with a few drops of 10 N NaOH. A lead citrate solution could also be used according to the method of Reynolds (63) . Uranyl staining is usually not necessary.
Special radioautographology
Special RAGology consists of applications of general RAGology to various fields of biology and medicine. The applications of RAG to biology and medicine can also be classified into several scientific fields, i.e., cellular and molecular biology, anatomy, histology, embryology, pathology and pharmacology, etc. All the results obtained from such applications should be systematized as a new field of science to be designated as special RAGology in the future.
In this section, the author would like to review briefly the results obtained in cellular and molecular biology, anatomy, histology, embryology, pathology and pharmacology from organ systems of animals and humans in our laboratory.
Cellular and molecular biology
In cellular and molecular biology, special radioautographology deals with the macromolecular synthesis and intracellular localization of small molecular compounds in living organisms at the cellular and molecular levels. (66) . As the results of these studies, the turnover rates of epithelial cells in the intestine were clarified. Cell kinetic studies were extensively carried out by Leblond and coworkers in the 1960s (67) . We have mainly studied the labeling sites and labeling indices as well as cell organelle changes in cell components of parenchymatous digestive organs such as the liver and pancreas, and in esophageal and intestinal epithelial cells of aging mice from the prenatal to the postnatal period by light and electron microscopic radioautography (64, 66) . We also demonstrated DNA synthesis in some other organ systems such as the respiratory, urogenital, endocrine (Figure 3) , circulatory, nervous and sensory systems (12) . Extranuclear DNA synthesis in mitochondria or peroxisomes of various cells was also studied under different experimental conditions (68-70).
RNA synthesis
RNA is composed of ribose, phosphate and the bases, A, U, G, and C. In order to demonstrate RNA synthesis, [ 3 H]-labeled cytidine was formerly used (71). However, [ 3 H]-cytidine can also be incorporated into DNA although at very low levels, so that demonstration of DNase digestion was necessary to confirm RNA synthesis. In contrast, [ 3 H]-5-uridine was shown to be specifically incorporated into only RNA. Therefore, it has now come to be used routinely for the demonstration of RNA synthesis (1, 12, 72) . When [ 3 H]-uridine is administered to animals, or cultured cells are incubated in a medium containing [ 3 H]-uridine in vitro and radioautograms are prepared, silver grains first appear over the chromatin of the nucleus and nucleolus of all the cells within several minutes, then spreading over the cytoplasm within 30 min, showing messenger RNA and ribosomal RNA (Figure 4) . We studied quantitative changes of RNA synthesis in the liver and pancreas of aging mice by means of light and electron microscopic radioautography after injection of [ 3 H]-uridine (66) . We also demonstrated intramitochondrial RNA synthesis in some cells independently of the nuclei (72, 73 T. Nagata substance ( Figure 5 ) and finally discharged outside the cells (64) (65) (66) 
Glucide synthesis
The glucides are classified biochemically into monosaccharides, disaccharides and polysaccharides. Monosaccharides and disaccharides are small water-soluble molecules which cannot be fixed by chemical fixation, but only by cryo-fixation for soluble compounds. Therefore, only polysaccharide synthesis is usually demonstrated by conventional light and electron microscopic radioautography with chemical fixation. Polysaccharides can be classified into simple polysaccharides and complex polysaccharides. Among complex polysaccharides, glycoproteins are composed of proteins and sugar chains, which incorporate [ 3 H]-labeled glucose, galactose, fucose, N-acetyl-glucosamine (Figure 6 ), etc. (1). On the other hand, mucosubstances or glycosaminoglycans are composed of mucous and proteins, which mainly contain chondroitin sulfate or heparin, and incorporate the radiosulfate 35 SO 4 . Therefore, the intracellular localization of mucosubstance synthesis can be demonstrated by light and electron microscopy using 35 SO 4 incorporation (Figure 7) . The halflife of radiosulfate is very short, only 87 days, so that experiments should be completed within a few months. We showed incorporation of radiosulfate into the Golgi apparatus and mucigen granules of colonic goblet cells (76).
Lipid synthesis
Lipids are esters of high fatty acids and can be classified into simple lipids and compound lipids. The former are composed of glycerol and fatty acids, while the latter are composed of both lipids and other components such as phosphates, glucides or proteins. In order to demonstrate the intracellular localization of lipid synthesis by light and electron microscopic radioautography, the incorporation of [ 3 H]-glycerol or [ 3 H]-fatty acids was examined (77,78).
Gene expression
Recently, gene expression in cells has been demonstrated by in situ hybridization. In situ hybridization with RI-labeled probes to demonstrate mRNA by light and electron microscopic radioautography has been frequently used. We have demonstrated gene expression of peroxisomal enzymes such as acyl-CoA oxidase mRNA with RI-labeled probes by LM and EMRAG (79) (80) (81) . Other scientists prefer to use immunostaining rather than radioautography because they believe that the former is easier. However, we prefer radioautography to immunostaining because it has more advantages. The sensitivity of RAG is better than that of immunostaining. The electron density of silver grains is much higher than that of immunochemical deposits when observed by electron microscopy. The intensity of reaction by RAG is quantifiable by grain counting (81) but not by immunostaining. Therefore, this method should be used more often than immunostaining (82).
Small molecular compounds
The small molecular compounds such as precursors of macromolecular compounds, i.e., thymidine, uridine, amino acids, glucosamines, fatty acids or target tracers such as hormones, neurotransmitters, vitamins, inorganic compounds, drugs or toxins cannot be demonstrated by wet-mounting radioautography. They are only demonstrable by means of dry-mounting radioautography (13) . We have demonstrated many small molecular compounds in various organs by drymounting radioautography (Figure 8 ), as described in the following sections.
Anatomy and histology
The results obtained with the applications of various precursors or tracers to all the organ systems should be described according to the conventional order of anatomy and histology of the organs. These results should be included in the histochemistry of the organs (83) . The outline of the results obtained from various organ systems in our laboratory will be described briefly.
The organs of movement
The bones and joints
DNA synthesis was studied in salamanders of various ages. When salamanders were divided into 8 age groups from larvae to 4, 6, 8, 9,10 weeks and 8, 12 months after hatching and injected with [ 3 H]-thymidine and their forelimbs and hindlimbs were fixed, embedded in Epon, sectioned and radioautographed, the aging changes of DNA synthe- 
The muscular system
The aging changes of DNA synthesis in ddY mouse intercostal muscle from prenatal day 13 through 24 months of postnatal life were studied by [ 3 H]-thymidine radioautography. The labeling indices revealed chronological changes, reaching a peak at embryonic day 13 and decreasing gradually to 0% at 3 months after birth (86) . We also studied DNA synthesis in rat thigh muscle when injured and labeled with [ 3 H]-thymidine, demonstrating satellite cell regeneration, as well as DNA synthesis of satellite cells in the muscle of chickens with dystrophy, which will be described in detail in the following pathology section.
As for the incorporation of [ 3 H]-taurine, no difference was found between normal and dystrophy mice by chemical fixation and wet-mounting radioautography. When [ 3 H]-taurine was administered to normal or dystrophy mice and their skeletal muscles were observed in freeze-substituted or freeze-dried specimens followed by dry-mounting radioautography, however, silver grains appeared on the sarcoplasmic reticulum, myofilaments, mitochondria and sarcoplasmic membranes (87, 88) . More silver grains were observed in normal mice than in dystrophic mice. Only few silver grains were observed in the specimens conventionally fixed with glutaraldehyde and osmium tetroxide followed by wetmounting radioautography. Based on these results, we conclude that [ 3 H]-taurine is diffusible and is associated with skeletal muscle cells. Taurine is an amino acid which regulates intracellular calcium transport and cell membrane excitability (88).
The digestive system
We have published many papers from our laboratory dealing with the macromolecular synthesis of digestive organs from the oral cavity to the gastrointestinal tract and the digestive glands (66) . The outline of the results will be described briefly in the order of systematic anatomy and special histology.
The oral cavity
DNA synthesis of mucosal epithelia of the lips and tongue as well as the submandibular glands of aging mice from fetal day 19 to 2 years of postnatal life were studied by LM and EMRAG with [ 3 H]-thymidine. The results showed that the labeling indices of stratified squamous epithelial cells in the oral mucosa increased from perinatal stages to postnatal day 14 and reached steady levels in adults (89) , while the indices in the cell types of the submandibular glands increased from the fetal stage to postnatal day 1 and then steadily decreased up to 2 years. Among the cell types in the submandibular glands, the intercalated duct cells were the most frequently labeled and persisted for a longer period. The results suggested that intercalated duct cells are involved in the proliferation of other cell types (90).
The esophagus
DNA synthesis in the esophagus of aging mice labeled with [ 3 H]-thymidine was studied by light and electron microscopy (91, 92) . The labeled cells were mainly found in the basal layer of the esophageal epithelium. Electron microscopy revealed that the nuclei and nucleoli of labeled cells were larger than those of unlabeled cells, but contained fewer cell organelles (91) . The labeling indices in the various age groups showed a peak at 1 day after birth and decreased with aging (92).
The stomach
The turnover of fundic glandular cells by [ 3 H]-thymidine radioautography was extensively investigated by Leblond (67) . We studied the secretion process in G-cells by EMRAG using [ 3 H]-amino acid. When stomach tissues obtained from Wistar rats were labeled with [ 3 H]-glutamic acid and [ 3 H]-glycine in vitro at varying time intervals, silver grains in the radioautograms appeared first over the Golgi zones, then migrated to secretory granules and were stored in the cytoplasm, suggesting a secretory kinetics (93, 94) . We also studied the mechanism of serum albumin passing through the gastric epithelial cells by EMRAG. When Wistar rat stomach tissues were labeled with [ 132 I]-albumin in vitro at varying time intervals, silver grains in the radioautograms appeared over the rough endoplasmic reticulum within 3 min, then moved to the Golgi apparatus within 10 min, and on to secretory granules and into the lumen within 30 min, suggesting the pathway of serum albumin from the blood vessels through the gastric mucous epithelial cells into the gastric lumen (95) .
When incorporation of radiosulfate into sulfated complex carbohydrate in rat stomach was studied by labeling with 35 SO 4 in vivo, silver grains appeared over the glandular cells of the pyloric gland but not over those of the fundic gland, demonstrating the occurrence of mucus synthesis in the former glands (76).
The intestines
DNA synthesis in the small and large intestines of mice was studied by [ 3 H]-thymidine radioautography. The cells labeled with [ 3 H]-thymidine as observed by LMRAG were localized in the crypts of both small and large intestines, a region defined as the proliferative zone. In the colon of mice studied from the fetal stage to 2 years of postnatal life, the labeled cells in the columnar epithelia were frequently found in the perinatal groups from the embryo stage to postnatal day 1. However, the labeling indices became constant from the suckling period to senescence (96) . The labeling indices of the cell types in each layer such as columnar epithelial cells, lamina propria, lamina muscularis mucosae, tunica submucosa, inner circular muscle layer, outer longitudinal muscle layer, outer connective tissue and serous membrane of the colon and cecum were examined and it was found that most labeling indices decreased from birth to 2 months except the epithelial cells which kept constant value until senescence (97) . Similar results were also obtained for the cecum (98, 99) .
The synthesis of mucosubstances in goblet cells and in absorptive epithelial cells was studied using 35 SO 4 in the duodenum, jejunum and colon (Figure 8 ) at varying time intervals (76) . The results showed that silver grains over goblet cells in the lower region of the colonic crypt were transferred rapidly from 30 to 180 min, while they were transferred slowly in goblet cells in the upper region of the colonic crypt, leading to the conclusion that the rates of transport and secretion of mucous products of the goblet cells at these two levels in the crypts were different. We also studied the aging changes of [ 3 H]-glucosamine uptake in the mouse ileum and found that the silver grains in the columnar epithelial cells were mainly localized over brush borders and the Golgi region, whereas in the goblet cells they were over the Golgi region and mucous granules. The number of silver grains increased from 6 months up to 2 years due to aging of animals (100).
T. Nagata
The liver
DNA synthesis of the liver of normal mice was studied by LM and EMRAG using [ 3 H]-thymidine. Normal ddY mice at various prenatal and postnatal ages were injected with [ 3 H]-thymidine which revealed that many silver grains were localized over the nuclei of various cell types constituting the liver, i.e., hepatocytes, sinusoidal endothelial cells, Kupffer cells, Itos fat-storing cells, bile duct epithelial cells, fibroblasts and hematopoietic cells (101, 102) . In hematopoietic cells, silver grains were observed over the nuclei of erythroblasts, myeloblasts, lymphoblasts and megakaryocytes. However, most hematopoietic cells disappeared on postnatal day 14. On fetal day 19, the liver tissues consisted chiefly of hepatocytes and hematopoietic cells and no lobular orientation was observed. Lobular formation started on postnatal days 1 and 3. The hepatic lobules were formed on day 9 after birth. During the perinatal period, almost all cell types were labeled with [ 3 H]-thymidine. The percentage of labeled hepatocytes (labeling index) was highest on fetal day 19, and rapidly decreased after birth to day 3. From day 9 to 14, the labeling index gradually decreased, reaching its lowest point at 24 months. When the labeling indices of hepatocytes in 3 hepatic acinar zones were analyzed, they were decreased in the intermediate zone and peripheral zone on days 3 and 9 after birth, whereas they increased in the central zone on day 9, and then completely disappeared from day 14 to 24 months. When the size and number of cell organelles in both labeled and unlabeled hepatocytes on EMRAG were estimated quantitatively by image analysis with an image analyzer, the area of the cytoplasm, nucleus, endoplasmic reticulum, mitochondria as well as the number of mitochondria in the unlabeled hepatocytes was greater than in the labeled cells (103) . These data demonstrated that the cell organelles of hepatocytes which synthesized DNA were not well developed as compared to those not synthesizing DNA during postnatal development. In some unlabeled hepatocytes, several silver grains were occasionally observed localized over mitochondria and peroxisomes, as previously reported (68) (69) (70) . The labeling indices of other cell types such as sinusoidal endothelial cells also showed a decrease from the perinatal period to 24 months (101) .
RNA synthesis by the liver of normal mice was studied by [ 3 H]-uridine RAG at the light and electron microscope level. LM and EMRAG showed that silver grains were localized over the nucleoli, nuclear chromatin (both euchromatin and heterochromatin), mitochondria and the rough-surfaced endoplasmic reticulum of hepatocytes as well as other types of cells such as sinusoidal endothelial cells, Kupffer cells, Itos fat-storing cells, ductal epithelial cells, fibroblasts and hematopoietic cells in the livers at various ages (104) . By quantitative analysis, the total number of silver grains in the nucleus, nucleolus and cytoplasm of each hepatocyte increased gradually from fetal day 19, reached a maximum at 14 days of postnatal age, then decreased up to 24 months. The number of silver grains in the nucleolus, when classified into two compartments, (grains over granular components and those over fibrillar components), increased parallelly after birth, reaching their maxima on day 14, and then decreased with aging up to 24 months. However, when the ratios (%) of silver grains over euchromatin and heterochromatin of the nuclei and granular and fibrillar components of the nucleoli were calculated, the ratios remained constant at each aging point.
When [ 3 H]-leucine was injected into mice at various ages silver grains in RAG were observed over all cell types of the liver, i.e., hepatocytes, sinusoidal endothelial cells, ductal epithelial cells, Kupffer cells, Itos fat-storing cells, fibroblasts and hematopoietic cells (105) . In hepatocytes, the number of silver grains in cytoplasm and karyoplasm increased from the perinatal period to 1 month of postnatal life and decreased with aging up to 24 months. The number of silver grains observed over the cell organelles varied with aging, reaching a maximum at 1 month.
Glucide synthesis was studied by [ 3 H]-glucose incorporation into the mouse liver together with soluble compounds (18, 106) . Soluble [ 3 H]-glucose, which was demonstrated by cryo-fixation and dry-mounting radioautography, was diffusely localized over the nucleus, all cell organelles and the cytoplasmic ground substance of hepatocytes. By conventional chemical fixation and wetmounting radioautography, however, silver grains were localized only over glycogen granules, endoplasmic reticulum and Golgi apparatus, a fact demonstrating localization of these macromolecules.
We also observed lipid synthesis in the liver using [ 3 H]-glycerol (18) . When adult mice were injected with [ 3 H]-glycerol and the livers were cryo-fixed at -196 o C, freezesubstituted, embedded in epoxy resin, drysectioned, and prepared for dry-mounting radioautography, many silver grains appeared diffusely over the nuclei and cytoplasm showing soluble glycerol. However, when the same liver tissues were fixed chemically in buffered glutaraldehyde and osmium tetroxide and radioautographed by conventional wet-mounting procedures, very few silver grains were observed over the endoplasmic reticulum and lipid droplets, demonstrating macromolecular lipid synthesis (18).
The pancreas
DNA synthesis in the mouse pancreas was studied by LM and EMRAG using (108) . The silver grains were found more in pancreatic acinar cells than in ductal or centro-acinar cells. Among the acinar cells, the number of silver grains increased after birth to day 14 and then decreased with aging. Quantification of silver grains in the nucleoli, chromatin, and cell body was carried out by X-ray microanalysis, which confirmed the results obtained by visual grain counting (55-57).
Incorporation of [ 3 H]-leucine into endoplasmic reticulum, Golgi apparatus and the secretory granules of pancreatic acinar cells was first demonstrated by Jamieson and Palade (109) . We have studied [ 3 H]-glycine incorporation into these cell organelles of mouse pancreatic acinar cells with soluble compounds (18) . The quantitative aspects of protein synthesis using [ 3 H]-leucine in regard to aging have also been clarified, showing an increase of silver grain numbers after birth, reaching a peak from 2 weeks to 2 months ( Figure 5 ) and decreasing for up to 2 years (110).
As for glucide synthesis, we studied incorporation of [ 3 H]-glucosamine into the glycoproteins of the pancreas of aging mice at various ages by LM and EMRAG (111) . When perinatal baby mice received [ 3 H]-glucosamine injections and the pancreatic tissues were radioautographed, silver grains were observed over exocrine and endocrine pancreatic cells. However, these silver grains were few in number. When juvenile mice at the age of 14 days after birth were examined, many silver grains appeared over the exocrine pancreatic acinar cells (Figure 6 ), with fewer silver grains observed over endocrine pancreatic cells and ductal epithelial cells. The grains in the exocrine pancreatic acinar cells were localized over the nucleus, endoplasmic reticulum, Golgi apparatus and secretory granules, demonstrating glycoprotein synthesis. Adult mice at 1 or 6 months of age and senile mice at 12 or 24 months T. Nagata showed very few silver grains on radioautograms. Thus, glucide synthesis in the pancreas of mice revealed quantitative changes, i.e., an increase and a decrease of [ 3 H]-glucosamine incorporation with aging.
The lipid synthesis of mouse pancreas was studied by [ 3 H]-glycerol incorporation. When several litters of ddY mice were injected with [ 3 H]-glycerol on fetal day 19, postnatal days 1, 3, 7, and 14, and postnatal months 1, 2, 6 up to 12 months, and the pancreases were prepared for LM and EMRAG, silver grains were observed in both exocrine and endocrine cells at all ages (77, 78) . In perinatal animals from fetal day 19 to postnatal days 1, 3, and 7, cell organelles were not well developed in exocrine and endocrine cells and the number of silver grains was very low. In 14-day-old juvenile animals, cell organelles such as endoplasmic reticulum, Golgi apparatus, mitochondria and secretory granules were well developed and many silver grains were observed over these organelles and nuclei in both exocrine and endocrine cells. The number of silver grains was higher in exocrine than in endocrine cells. In adult animals aged 1, 2 and 6 months, the number of silver grains remained constant. In 12-month-old senescent animals, silver grains were fewer than in younger animals. The number of silver grains expressed the degree of lipid synthesis, which increased from the perinatal to the adult period and decreased to senescence.
The respiratory system
In the respiratory organs, we have studied macromolecular synthesis in the tracheae and the lungs of mice.
The trachea
The changes of DNA synthesis of tracheal cells in aging mice were studied by LM and EMRAG (112) . The tracheae of 8 groups of mice from fetal day 18 to 2 years after birth were examined. The results demonstrated that DNA synthesis and morphology of tracheal cells in the mouse tracheae changed with aging. The radioautograms revealed that DNA synthesis in nonciliated and basal cells reached a maximum on fetal day 18, then decreasing from 3 days of postnatal life. The activity of DNA synthesis of ciliated cells was observed but very low in the fetal stage. Ciliated cells cannot synthesize DNA or proliferate in the postnatal stage. They are supposed to be derived by the division and transformation of basal cells. On the other hand, DNA synthesis of chondrocytes was the highest on embryonic day 18, and rapidly declined on postnatal day 3. The chondrocytes lost the ability of synthesizing DNA at 2 months after birth. DNA synthesis of other cells (including fibroblasts, smooth muscle and glandular cells) was highest on fetal day 18 and fell markedly on the third day after birth, decreasing progressively with aging. The incorporation of 35 SO 4 was also studied in the trachea of aging mice. Many silver grains were observed over the chondrocytes and extracellular matrix of the tracheal cartilage in fetal and newborn mice. The numbers of silver grains were highest at 2 weeks after birth and decreased rapidly after 1 month (113).
The lung
DNA synthesis of mouse lung was studied by LM and EMRAG (114, 115) . The lung tissues of aging ddY mice were labeled in vitro with [ 3 H]-thymidine and analyzed. As a result, the cell types of the lung, i.e., cuboidal epithelial cells (type 1 epithelial cells), interstitial cells and endothelial cells, showed different labeling indices. The labeling indices of cuboidal epithelial cells (47%), interstitial cells (38%), and endothelial cells (29%) were found to peak on fetal day 18 and postnatal day 1. Then, a second peak appeared on postnatal day 3, after which the index decreased with aging. The aging changes of DNA synthesis in the lungs of salamanders from larvae (2 months after fertilization), juveniles (1 month), adults (10 and 12 months after metamorphosis) to senescence (5 years) were studied by LMRAG using [ 3 H]-thymidine (116) . The result showed that the labeling indices in the ciliated cells and mucous cells in the superficial layer of young animals were higher than those of the basal cells and were decreased in adults, demonstrating aging changes in salamanders. Experiments involving [ 3 H]-thymidine inhalation by means of a nebulizer into the lungs of 1-week-old mice were also carried out. After 45 min of inhalation, the lung tissues were taken out and processed by either rapid-freezing and freezesubstitution for dry-mounting radioautography or conventional chemical fixation for wet-mounting radioautography. By wetmounting RAG silver grains were observed in the nuclei of a few alveolar type 2 cells and interstitial cells, demonstrating DNA synthesis. By dry-mounting RAG numerous silver grains were located diffusely over all the epithelial cells and interstitial cells, demonstrating soluble compounds (117) .
When the lung tissue of mice were labeled with [ 3 H]-uridine, RNA synthesis was observed in all cells of the lung at various ages (118) . The number of silver grains changed with aging. The grain counts in type 1 epithelial cells increased from the 1st day after birth and reached a peak at 1 week, while the counts in type 2 epithelial cells and interstitial cells increased from embryonic day 16 and reached peaks at 1 week after birth, decreasing thereafter with aging.
The urinary system
We studied only the macromolecular synthesis of the kidneys of several groups of aging mice, while the localization of antiallergic agents was observed in the urinary bladders of rats. (119) as well as the PCNA/cyclin positive indices (120) in glomeruli (28 to 32%) and uriniferous tubules (31 to 33%) in the superficial layer were higher than those (10 to 12% and 8 to 16%) in the deeper layer from the late fetal to the suckling period, and then decreased with aging from weaning to senescence. Electron microscopic radioautography revealed the same results (121, 122) . The numbers of silver grains demonstrating the incorporation of [ 3 H]-uridine into glomeruli (34.6 per cell) and uriniferous tubules (56.4 per cell) were higher in the superficial layer than in the deeper layer (15.6 and 18.6 per cell) on embryonic day 15 and gradually decreased with aging (122) . The incorporation of [ 3 H]-glucosamine into the kidney of aging mice demonstrated by light and electron microscopic RAG revealed that the numbers of silver grains in both the glomeruli and uriniferous tubules were lower in the embryonic stage, but increased postnatally and reached peaks at 1 to 2 weeks, decreasing thereafter until senescence (123, 124) .
The urinary bladder
Localization of the anti-allergic agent was studied in the urinary bladder of the rat by LMRAG, as described in the section on pharmacology.
The reproductive system
We studied both male and female genital organs of several groups of aging ddY mice by LM and EMRAG using macromolecular precursors. (125, 126) . In the embryonic and neonatal stages, myoid cells and Sertoli cells labeled with [ 3 H]-thymidine were frequently observed, whereas from young adulthood to senescence the labeling indices of both cells decreased. However, DNA synthesis of gonocytes started 4 days after birth, and the labeling index of spermatogonia first peaked at 3 weeks and stayed constant until senescence. On the other hand, RNA synthesis and protein synthesis of various cells in the seminiferous tubules were weak during the embryonic and neonatal stages (126) . The grain counts with [ 3 H]-uridine and [ 3 H]-leucine increased in adult stages and maintained high levels until senescence (125,126).
The female genital organs
We have studied the macromolecular synthesis in the ovary, oviduct and uterus of several litters of ddY mice. (128, 129) . DNA synthesis was active in all surface epithelial cells, stromal and smooth muscle cells between postnatal days 1 and 3 and decreased from day 7 to 60, while RNA synthesis was observed in the epithelial and stromal cells at postnatal day 1, increasing to days 7 and 14 and then decreasing to day 60 (129).
The uterus
DNA synthesis of the uterine epithelium, stroma and smooth muscle cells was active on days 1 and 3 and decreased from day 7 to 60, while RNA synthesis of the uterus increased from day 3 to 14 and decreased from day 30 to 60 (127, 128) .
The endocrine system
We have studied macromolecular synthesis in adrenal glands and Leydig cells of the testis of mice, as well as mercury chloride incorporation into the thyroid in human patients.
The thyroid
Normal human thyroid tissues and thyroid cancer tissues obtained from goiter patients by surgery were labeled in vitro with 203 HgCl 2 and processed by both conventional chemically fixed wet-mounting radioautography and freeze-dried dry-mounting radioautography (13, 130) . Numerous silver grains showing soluble mercury components were found diffusely in thyroid cancer cells but fewer silver grains showing insoluble components were observed in cancer and normal thyroid cells (130) . The results showed concentration of hot mercury in the thyroid cancer cells from goiter patients.
The adrenal gland
Incorporation of [ 3 H]-thymidine and [ 3 H]-uridine was observed in aging mouse adrenal glands from embryo to newborn, young, and 2-year-old senescent adults by light and electron microscopic radioautography (131, 132) . DNA synthesis was found in all zones of the adrenal cortex, i.e., the zona glomerulosa, fasciculata and reticularis of the cortex (Figure 3) as well as the medulla from the immature prenatal stage to mature postnatal senescent ages. The labeling indices in the respective zones showed a maximum during the perinatal stage and then gradually decreased to senescent stages. On EMRAG the cell organelles in the labeled cells were less developed than the unlabeled cells in the same zone at the same aging stage (132) . On the other hand, the incorporation of [ 3 H]-uridine was found in all layers of both cortex and medulla. Grain counts revealed that the numbers of silver grains were higher in perinatal animals than in older animals and in the zona glomerulosa than in the zona fasciculata or reticularis, or in the medulla (133).
The Leydig cells of the testis
The Leydig cells of the testis of several groups of ddY mice at various ages from fetal life to senescence were studied by LM and EMRAG using 134,135) . The indices of DNA synthesis obtained by [ 3 H]-thymidine labeling from perinatal stages to 6 months of postnatal life were low (5-10%) but increased at 9 months and maintained high levels (50-60%) up to 2 years. RNA and protein synthesis calculated by grain counting did not change from the fetal stage throughout the adult stages and did not decrease until senescence (135).
The circulatory system
Among the cardiovascular organs, arteries, some blood cells and the spleen were studied in our laboratory.
The artery
In the arteries of rats, the localization of calcium antagonists was studied by conventional wet-mounting radioautography and cryo-fixed dry-mounting radioautography. The results will be described in detail in the pharmacology section. In studies of drug localization in rat mast cells, we studied tranilast distribution (139,140) . The results will be described in detail in the pharmacology section.
The spleen
The spleen cells from 6 groups of aging ddY mice at various stages from newborn day 1 to 10 months were examined by light and electron microscopic [ 3 H]-thymidine radioautography combined with acid phosphatase activity (141). DNA synthesis was observed in the nuclei of hematopoietic cells, especially of lymphoblasts and myeloblasts. The aging changes of DNA synthesis as well as acid phosphatase activity were correlated, decreasing from postnatal day 1 and 7 to 10 months. On the contrary, RNA synthesis (142) of hematopoietic cells, especially of the lymphoblasts in the spleens, increased from day 1 to day 14, and then decreased to 10 months after birth. DNA synthesis was studied in the cerebella of 9 groups of aging mice from embryo stage to 1 year of postnatal age. The labeled nuclei, both the precursors of neurons and glioblasts, were observed in the external granular layer of the cerebella by LMRAG and EMRAG from embryonic day 19 to postnatal day 14 and disappeared within 1 month. The labeling index peaked on postnatal day 3. The endothelial cells of the cerebellar vessels were progressively labeled, reaching a peak 1 week after birth (143). Changes of glucose uptake in the gerbil hippocampus were also studied using [ 3 H]-deoxyglucose by cryo-fixation, freeze-substitution and dry-mounting radioautography under post-ischemic conditions. The results demonstrated that the neurons subjected to ischemia revealed higher uptake of soluble glucose (144).
Sensory system
Among the sensory organs, we mainly studied the eye and, to a lesser extent, the skin.
The eye
The synthesis of both DNA and RNA was first studied in the ocular tissues of chick embryos from day 1 to day 14 by LM and EMRAG (145, 146) . Labeling of cells with [ 3 H]-thymidine was most frequently observed in the posterior region of the optic vesicle of 2-day-old chick embryos and the labeled cells moved from anterior to posterior regions, decreasing from day 3 to day 7 (145, 147) . On the other hand, the number of silver grains incorporating [ 3 H]-uridine increased from day 1 to day 7 and was higher in the anterior region than in the posterior region (148) . DNA and RNA synthesis was also studied in the ocular tissues of aging mice. The ocular tissues obtained from ddY mouse litters at ages varying from fetal day 9, 12, 14, 16, and 19 to postnatal day 1, 3, 7, and 14 were labeled with [ 3 H]-thymidine in vitro and radioautographed (149, 150) . The labeling indices of retina and pigment epithelium were higher in earlier than in later stages, during which they steadily declined. However, the retina and pigment epithelia followed different courses in their changes of labeling indices during embryonic development. In the retina, the labeling indices in the vitreal portions were higher than those in the scleral portions during the earlier stages. However, the indices of scleral portions were higher than those in the vitreal portions in the later stages. Comparing the three regions of the mouse retina, anterior, equatorial and posterior, the labeling indices of the anterior regions were generally higher than those of the equatorial and posterior regions. In the pigment epithelium, the labeling indices gradually increased in the anterior region, but decreased in the equatorial and posterior regions throughout the developmental stages. These results suggest that the proliferation of both the retina and pigment epithelium in the central region occurred earlier than those in the peripheral regions (149, 150) . In the juvenile and adult stages, however, the labeled cells were localized in the middle of the bipolar-photoreceptor layer of the retina, where the undifferentiated zone is assumed to be located (151, 152) . In the corneas of aging mice, the labeled cells were localized in the epithelial cells from prenatal day 19 to 1 year of postnatal life. The labeling index of the corneal epithelial cells reached a peak at 1 month after birth and decreased to 1 year, while the indices of stromal and endothelial cells reached a peak at 3 days after birth and disappeared completely from 1 month to 1 year of postnatal life (153) . On the other hand, when the ocular tissues were labeled with [ 3 H]-uridine, silver grains appeared over all cell types at all stages of development and aging. The grain counts increased from prenatal day 9 to postnatal day 1 in the retinal cells, while they increased from prenatal day 12 to postnatal day 7 in the pigment epithelial cells (154) .
When protein synthesis was determined in the retina of aging mice by [ 3 H]-leucine incorporation, the number of silver grains in bipolar cells and photoreceptor cells was found to be most intense during embryonic stage and the early postnatal days. The peak was 1 day after birth and decreased from 14 days to 1 year after birth (155) .
On the other hand, glycoprotein synthesis determined by [ 3 H]-glucosamine radioautography showed changes of incorporation in the cornea. Silver grains were located in the epithelial cells, the stromal fibroblasts and the endothelial cells from prenatal day 19 to 6 months of postnatal life. No silver grains were observed in the lamina limitans anterior (Bowmans membrane) or the lamina limitans posterior (Descemets membrane). Grain density was more intense in the endothelial cells of prenatal day 19 animals, but even more intense in the epithelial cells of animals at days 1 and 3 and at 1 week of postnatal life. Glycoprotein synthesis in the various cell types of the mouse cornea changed with animal aging (156).
The skin
The DNA synthesis of aging salamander larvae was studied by LMRAG. When 8 groups of salamander from larvae to 4, 6, 8, 9, 10 weeks and 8, 12 months after hatching were injected with [ 3 H]-thymidine and the skins from both the forelimbs and hindlimbs were removed and radioautographed, the labeling indices of epidermal cells increased from 4 weeks to 6 weeks and decreased from 8 weeks on, reaching 0 at 8 months, demonstrating an increase and decrease of DNA synthesis with skin aging (84).
Embryology
The special radioautographology procedures used in embryology consist of application of radioautography to gametogenesis, blastogenesis and organogenesis. Among these studies, gametogenesis of the male and female genital organs was described in the previous sections (3.2.5.1 and 3.2.5.2).
In order to detect the changes in DNA, RNA and protein synthesis in the mouse endometrium during implantation, the ovulation of female BALB/c mice was controlled with pregnant mare serum gonadotropin and human chorionic gonadotropin, and pregnant female mice were ovariectomized on the 4th day of pregnancy (157) (158) (159) . A delayed implantation state was maintained for 48 h and after 0 to 18 h of estrogen supply, On the other hand, collagen synthesis in the mouse decidual cells was studied by LM and EMRAG using [ 3 H]-proline. Silver grains were localized over the endoplasmic reticulum and Golgi apparatus of fibroblasts and accumulated over collagen fibrils in the extracellular matrix. The results suggested that the decidual cells produced collagen in the matrix (74, 75) .
The changes in macromolecular synthesis, DNA, RNA, proteins, glucides and lipids during the genesis of various organs of ddY mice were described as perinatal changes in the previous histology chapter. In lower vertebrates, cell proliferation and migration of scleroblasts and their precursor cells during ethisterone-induced anal-fin process formation of the medaka, Orizias latipes, were studied by LMRAG (160).
Pathology
The special radioautographology used in pathology deals with the application of radioautography to pathological changes in various diseases. There are many papers available in the literature and they should be classified according to the pathological description. First of all, the literature can be arranged by such pathological changes as etiology, i.e., the disturbances in the metabolism, the local disturbances in the circulation, proliferation and regeneration of tissues, inflammation, parasites, tumors, and malformations as in general pathology. On the other hand, they can also be arranged according to organ systems as done for anatomy and histology studies. Since we used special radioautographology mainly for normal anatomy and histology studies, we have not published so many papers. Therefore, some of them will be arranged according to the order of etiology as follows.
Disturbances in metabolism
In the thigh muscles of dystrophy chickens, [ 3 H]-thymidine was incorporated into the satellite cells by LM (161) and EMRAG (162) , demonstrating the regeneration of these cells, which cannot be observed in normal muscles. With respect to the incorporation of [ 3 H]-taurine, however, no difference was found between normal and dystrophy mice by chemical fixation and wetmounting radioautography (87) . When [ 3 H]-taurine was administered to normal or dystrophy mice (518 kBq/g body weight) and their skeletal muscles were observed in freeze-substituted or freeze-dried specimens followed by dry-mounting radioautography, silver grains appeared on sarcoplasmic reticulum, myofilaments, mitochondria and sarcoplasmic membranes (88) , showing soluble compounds. By this method, more silver grains were observed in normal mice than in dystrophy mice. In contrast, only few silver grains were observed in the specimens submitted to conventional glutaraldehyde and osmium tetroxide fixation followed by wetmounting radioautography (88).
Proliferation and regeneration
When Wistar rat thigh muscles were injured and labeled with [ 3 H]-thymidine, satellite cells were labeled, showing that the re-generating muscle fibers originated from satellite cells (163) .
Inflammation
Experimental studies to clarify the pathogenesis of experimental pancreatitis were carried out by means of LM and EMRAG. Several male Wistar rats were treated with daily DL-ethionine injections for 2 days or for 1 month to cause acute and chronic experimental ethionine pancreatitis. Both normal and experimental pancreatitis animals were then injected with [ 3 H]-ethionine and the pancreatic tissues were fixed and processed for LM and EMRAG 5 or 10 min after injection (164) . Many more silver grains were observed over the secretory granules and the lumen of the exocrine pancreatic tissues of pancreatitis animals than normal animals, suggesting that the pathogenesis of ethionine-induced pancreatitis is due to the rapid intracellular transport of ethionine (164) .
On the other hand, another group of several male Wistar rats were fed 20% ethanol for 3 months to cause alcoholic pancreatitis. Both the normal and experimental pancreatitis animals were then injected with [ 3 H]-leucine and the pancreatic tissues were fixed and processed for LM and EMRAG 5 to 60 min after injection (165) . As a result, fewer silver grains were observed over the secretory granules and the lumen of the exocrine pancreatic tissues of pancreatitis animals than normal animals, suggesting lower protein synthesis in the animals with alcohol-induced pancreatitis (165). (Figure 4) , was demonstrated to be localized over the mitochondrial matrix by EMRAG (72, 73 (168) .
Human thyroid cancer tissues obtained from goiter patients by surgery were labeled in vitro with 203 HgCl 2 and processed by both conventional chemically fixed wet-mounting radioautography and freeze-dried drymounting radioautography (130) . Numerous silver grains showing soluble component of mercury were found diffusely in thyroid cancer cells but fewer silver grains showing insoluble components were observed in normal and cancer thyroid cells (130) . The results supported the clinical findings of a high concentration of hot mercury in the thyroid cancers of goiter patients.
Pharmacology
The special radioautographology used in pharmacology deals with the organ distribution and intracellular localization of various hormones, vitamins, drugs and toxins. A very extensive literature has been published in this field. The first paper in pharmacology was published by Ullberg (169) , who developed the whole body technique in pharmacology and toxicology, and demonstrated for the first time the organ distribution of 35 Spenicillin. Since then, extensive literature has been published dealing with the organ distribution of various antibiotics, drugs and hormones by means of whole body RAG. Receptor radioautography has been extensively studied in investigations of hormones such as peptides and steroids. The systematic description of this section should be completed in the future by many pharmacologists who are interested in the use of special radioautographology in pharmacology. We have published only a few papers dealing with this field and we will briefly comment on some of them in this section.
Hormones
Among various hormones available for radioautography, we studied the intracellular localization of [ 3 H]-methyl prednisolone, a synthetic adrenocortical steroid (170) . Mouse liver tissue blocks and HeLa cells were labeled in vitro with [ 3 H]-methyl prednisolone (Daiichi Pure Chemical Co., Tokyo, Japan; 24.7 GBq/mM, and 3.7 kBq/ml, respectively) resolved in Eagles MEM supplemented with 10% bovine serum for 1 h. The tissues were quickly frozen in cooled isopentane, freeze-dried and embedded in Epon, or cryo-sectioned and freeze-dried, dry-mounted with Konica NR-H2 emulsion, exposed and developed. In EMRAG, freezedried, Epon-embedded sections showed silver grains on the nucleus, nucleolus, endoplasmic reticulum, mitochondria, Golgi apparatus and cytoplasmic matrix of both hepatocytes and HeLa cells. Wet-mounting radioautograms showed fewer grains on the nucleus and cytoplasm. From the results, we concluded that soluble [ 3 H]-methyl prednisolone was distributed diffusely in the cell body, while the insoluble compounds were incorporated into the chromatin, nucleolus, nuclear envelopes, endoplasmic reticulum and mitochondria (170).
Neurotransmitters and inhibitors
The distribution of some of the ophthalmological drugs used for the treatment of glaucoma was examined in the ocular tissues of patients. Bupranolol is a beta-blocking agent widely used in the form of eye drops for glaucoma in the USA and Japan (171) . [ 14 C]-Bupranolol (Kaken Co., Tokyo, Japan) was experimentally instilled into the eyes of white rabbits and the ocular tissues were enucleated after 15 and 30 min and cryofixed in liquid nitrogen and the frozen tissues were cryo-sectioned and either freezedried or thaw-mounted onto glass slides, followed by either dry-mounting or wetmounting LMRAG. By dry-mounting RAG, silver grains appeared intensely in the conjunctival and corneal epithelia at 15 min, with a later decrease in these tissues and an increase in the ciliary bodies at 30 min. These results demonstrate that bupranolol penetrated the conjunctiva and cornea and accumulated in the ciliary bodies (171) .
Befunolol is a beta-blocking agent synthesized by Kaken Co., Tokyo, Japan, whose chemical structure is 2-acetyl-7(2-hydroxy-3-isopropylamino-propoxy) benzofuran hydrochloride. The agent was labeled with [ 3 H] and used for LM and EMRAG (172, 173) . The ocular tissues of chickens were removed, cut into small pieces and labeled with [ 3 H]-befunolol in Eagles MEM (3.7 MBq/ml) in a CO 2 incubator for 30 to 60 min. The tissues were cryo-fixed in liquid nitrogen and some of them were dry-sectioned, and some were freeze-dried or freeze-substituted and embedded in Epon, dry-sectioned and drymounted. Some other tissues were chemically fixed, embedded and wet-mounted. Drymounting EM radioautograms revealed that many silver grains were found over the melanosomes of the pigmented cells, demonstrating soluble compounds. In contrast, only few silver grains were found over the melanosomes of the pigmented cells of the iris and the ciliary bodies by conventional wetmounting EMRAG. Soluble [ 3 H]-befunolol was found to accumulate specifically over the melanosomes of the pigmented cells, a result well correlated with the clinical findings.
Anti-allergic agents
One of the synthetic anti-allergic agents, tranilast (synthesized by Kissei Pharmaceutical Co., Matsumoto, Japan) was extensively studied in various organs by LM and EMRAG in our laboratory. Its chemical structure is N-(3, 4-dimethoxycinnamoyl) anthranilic acid, and the agent was labeled with [ 3 H] by NEN, Boston, MA, USA (129, 130) . When mast cells were collected from Wistar rat peritoneal fluid and labeled in vitro for 60 min in PBS containing [ 3 H]-tranilast (3.7 MBq/ml) and chemically fixed and radioautographed by wet-mounting, LM and EMRAG showed accumulation of silver grains over mast cell granules (Figure 8 ), suggesting the inhibition of degranulation of mast cells for the anti-allergic reaction (139,140).
When the livers of Wistar rats orally treated with [ 3 H]-tranilast were observed by LMRAG, many silver grains were seen over the hepatocyte nuclei and cytoplasm. The grain counts reached a maximum at 3 h after administration, suggesting the occurrence of a metabolic process in the liver (174) . Intracellular localization of a peroxisome proliferator, [ 14 C]-labeled bezafibrate was also demonstrated in cultured rat hepatocytes by LM and EMRAG (166, 175) . About 90% of all the silver grains were localized over the cytoplasm. In EMRAG of whole mount cultured cells, silver grains were localized on the cytoplasmic matrix especially over the endoplasmic reticulum (176) . The results showed that the receptors of the peroxisome proliferator were associated with the endoplasmic reticulum (176) .
The urinary bladders of rats were investigated by LMRAG after oral administration of [ 3 H]-tranilast. It was found that this agent specifically localized over the transitional epithelial cells and endothelial cells of the veins in the mucosa for a long time, suggesting a relationship with the histopathology of the cystitis observed clinically after the administration of the drug in human patients (177).
Various antagonists
We were asked to collaborate from other research institutions and pharmaceutical companies in order to specify the sites of actions of various kinds of newly developed drugs by localizing the RI-labeled agents using dry-mounting RAG. Some of the results obtained from such collaborative studies treating mainly various antagonists shall be summarized briefly.
Anti-metabolic agents
A synthetic compound named W-7, produced by Banyu Pharmaceutical Co., Tokyo, Japan, was found to cause relaxation of vascular smooth muscle, inhibit several Ca 2+ -calmodulin-dependent enzymes and also inhibit cell proliferation (178) H]-nitrendipine (100 µCi/ml) for 10-30 min, fixed by cryo-fixation in liquid nitrogen or chemical fixation in buffered glutaraldehyde and osmium tetroxide, and processed for either dry-mounting or wet-mounting LM and EMRAG. The results showed that the silver grains related to both drugs were mainly localized over the plasma membranes and the cytoplasm of the smooth muscle cells in the tunica media of the mesenteric arteries, suggesting the presence of the pharmacologically active sites of these drugs (180).
Anti-thrombotic agent
One of the new anti-thrombotic agents, cilostazol, 6-[4-(1-cyclohexyl-1H-tetrazol5yl)butoxy]-3,4-dihydro-2(1H)-quinolinone, is a new specific inhibitor of cyclic AMP phosphodiesterase and was found to have an inhibitory action on platelet aggregation. It was synthesized by Otsuka Pharmaceutical Co., Tokushima, Japan, and labeled with [ 3 H] by Amersham International. The intracellular localization of this agent was studied by LM and EMRAG. Chinese hamster ovary cells were cultured in Hams F12 medium containing [ 3 H]-cilostazol (10 µCi/ml) for 1 h, fixed in glutaraldehyde and osmium tetroxide, and radioautographed for LM and EMRAG. Many silver grains appeared over the cytoplasmic matrix and cell membranes. This localization suggested the site of action of this drug to be the cytoplasmic matrix (181).
Concluding remarks
The methods we have developed in our laboratory to demonstrate both soluble and insoluble radioactive compounds by either wet-mounting or dry-mounting procedures at the light and electron microscope level and to quantify macromolecular synthesis or small molecular compounds by preparing many radioautograms at once, were described in detail.
The results from these methods applied to macromolecular synthesis, DNA, RNA, proteins, glucides and lipids in various organs, as well as the results from dry-mounting procedures, demonstrating hormones, inorganic substances and drugs in various organ systems studied in terms of anatomy, pathology and pharmacology were briefly summarized.
The results obtained by these methods include not only three-dimensional structures of the organs but also the four-dimensional features taking the time dimension into account by labeling cells and localizing the sites of incorporation, synthesis and discharge of the labeled compounds in relation to time lapse and animal aging. The recently developed technologies and the results obtained from their applications to various organs should be systematized as a new field of science designated as radioautographology, in contrast to the mere techniques which should be simply designated as radioautography.
The methodologies are now well developed and completed and should be applicable to any other substances and animal organs or tissues and cells for in situ analysis of cellular functions at the cell organelle and molecular levels. These technologies should be designated as general radioautographology. On the other hand, the results obtained from the applications of radioautography to biology and medicine using various kinds of labeled compounds can be classified into several fields, i.e., anatomy, histology, embryology, cellular and molecular biology, pathology and pharmacology. The results obtained from such applications should be systematized as a new field of science designated as special radioautographology. The present author advocates a new concept of radioautographology. The new science, named radioautographology, consisting of both subdivisions, general radioautographology (technology) and special radioautographology (applications), is expected to develop rapidly in various fields of biological sciences in the future.
